[1] In this paper we present Odin submillimeter radiometer (Odin/SMR) water vapor measurements in the upper mesosphere and lower thermosphere with focus on the polar latitudes in winter. Measurements since 2003 have been compiled to provide a first overview of the water vapor distribution in this altitude range. Our observations show a distinct seasonal increase of the water vapor concentration during winter at a given altitude above 90 km. Above 95 km the observations exhibit the annual water vapor maximum during wintertime. Model simulations from the Hamburg Model of the Neutral and Ionized Atmosphere (HAMMONIA) and the Whole Atmosphere Community Climate Model version 3 (WACCM3) show results that are very similar to the observations. We suggest that the observed increase in water vapor during winter is mainly caused by a combination of upwelling of moister air from lower altitudes and diffusion processes. Distinct interhemispheric differences in the winter water vapor distribution in the upper mesosphere and lower thermosphere can be observed, both in the observations and the model results. The seasonal water vapor increase in the polar regions is much more pronounced in the Southern Hemisphere winter where higher concentrations can be observed. This observation is most likely due to interhemispheric differences in the underlying dynamics and diffusion processes. 
Introduction
[2] Water vapor is the most important greenhouse gas and plays a fundamental role in the climate system and for the chemistry of the Earth's atmosphere. In the middle atmosphere water vapor is also a particularly suitable tracer for dynamical processes, since the lifetimes of chemical and transport processes are comparable. In the last $30 years a series of satellite-borne and ground-based measurements have established a general picture of the water vapor distribution in the middle atmosphere [e.g., Taylor et al., 1981; Fischer et al., 1981; Remsberg et al., 1984; Reber et al., 1993; Mote et al., 1996; Nedoluha et al., 1996; Summers et al., 1997; Chandra et al., 1997; Randel et al., 1998; Seele and Hartogh, 1999; Summers et al., 2001; Hervig et al., 2003; Thomason et al., 2004; Nassar et al., 2005; Urban et al., 2007] .
[3] Water vapor enters the middle atmosphere primarily by vertical transport through the tropical tropopause layer (TTL) [e.g., Holton et al., 1995; Fueglistaler et al., 2009] . The low temperatures inside this layer cause a strong reduction of the water vapor concentration by freeze-drying and subsequent sedimentation of ice particles. In the stratosphere the water vapor concentration increases with altitude. This increase is due to the production of water vapor by the oxidation of methane. This production outweighs the main sink process of water vapor in the stratosphere, i.e., the reaction with O( 1 D). With increasing altitude the destruction of water vapor by photodissociation becomes increasingly important. Above about 70 km the photodissociation is primarily caused by solar Lyman-a radiation [Brasseur and Solomon, 1998 ]. The balance between these production and loss processes can be found roughly in the upper stratosphere/lower mesosphere region, consequently resulting in a water vapor maximum at those altitudes. In the mesosphere, the water vapor concentration decreases generally with altitude, since additional production processes are usually missing [Brasseur and Solomon, 1998 ].
[4] Two pronounced deviations from the described general water vapor distribution in the mesosphere can be observed at certain times and locations. In addition to the maximum around the stratopause a second water vapor maximum can be found both in the tropics around equinox and in the polar regions during summer in the altitude range between 65 km and 75 km [Nedoluha et al., 1996; Summers et al., 1997; Seele and Hartogh, 1999] . This maximum arises from an interplay of upwelling winds and autocatalytical water vapor formation from the molecular hydrogen reservoir during the period of strongest insolation . Another maximum can be observed at polar latitudes during the summer season in a small layer around 82 km. This peak is caused by the redistribution of water vapor by sedimenting ice particles forming polar summer mesosphere echoes (PMSE) and noctilucent clouds (NLC) [Summers et al., 2001; von Zahn and Berger, 2003] . These ice particles can form by heterogeneous nucleation near the very cold mesopause ($88 km), typically at temperatures below 150 K. Around 82 km the sedimenting ice particles encounter warmer temperatures, which cause a rapid sublimation and the release of the consumed water in a small layer.
[5] So far, satellite-borne and ground-based water vapor measurements were usually limited to a top altitude in the 80-km to 90-km region. Only on very rare occasions, rocket-borne measurements have explored the water vapor content at altitudes even above 90 km [Arnold and Krankowsky, 1977; Grossmann et al., 1985; Kopp, 1990] , so that the current picture of the water vapor distribution above 90 km is entirely determined by model simulations. In this paper we present for the first time global water vapor measurements up to an altitude of 110 km as observed by the submillimeter radiometer (SMR) aboard the Odin satellite. This instrument passively scans the thermal emissions of several trace gases at the atmospheric limb. Profiles covering these high altitudes are retrieved from the 557 GHz emission line of water vapor. Here we put our focus on the winter season at polar latitudes. Our observations show a distinct seasonal increase of the water vapor concentration during winter at altitudes above 90 km. Above about 95 km the annual water vapor maximum can be found during the winter season. This behavior is different than the subjacent part of the mesosphere, where the annual water vapor maximum can be observed during summertime, caused by a gravity wave driven meridional circulation, with upwelling over the summer pole and downwelling over the winter pole.
[6] The further organization of this paper is as follows. In section 2 we give a brief overview of the Odin/SMR water vapor measurements, retrieval and data quality. The observations are presented in section 3, while we focus on model results in section 4. The results are subsequently discussed and summarized in section 5.
Odin/SMR Water Vapor Measurements
[7] The Odin satellite has been launched on 20 February 2001 into a polar, sun synchronous and near-terminator orbit at an altitude of around 600 km, orbiting the Earth about 15 times a day. Odin carries two instruments aboard, one of them is the submillimeter radiometer. The SMR instrument measures thermal emissions at the atmospheric limb in several frequency bands between 486 GHz and 581 GHz and around 119 GHz [Frisk et al., 2003] .
Measurements of the 557-GHz Band and Its Retrieval
[8] The water vapor data in the upper mesosphere and lower thermosphere are based on measurements of the 557-GHz water vapor emission line (the line center is located at 556.936 GHz). General information about the Odin/SMR measurements of the 557-GHz band and its retrieval are described by Urban et al. [2007] and Lossow et al. [2007] . Here we will only focus on details relevant for the upper mesosphere/lower thermosphere data set. The measurements in this altitude range are part of stratosphere-mesosphere scans. In 2001 and 2002 these scans were scheduled to cover the altitude range between 7 km and 100 km. Since 2003 the measurements are performed up to a top tangent height of 110 km, while especially in 2005 and 2006 the measurements frequently exceeded this top height. The limiting factor of the water vapor retrieval at altitudes above 90 km is given by the signal-to-noise ratio (SNR) of the measurement and the volume mixing ratio of water itself. The statistical error of individual retrieved profiles can be on the order of 40% to 50% at 90 km and even exceed 100% above 100 km. Typically a SNR of 25 corresponds to a statistical error of about 50% for a single profile retrieved, while a SNR of about 5 corresponds to a statistical error of about 100% in the Odin/SMR retrieval. However there is no simple linear connection between the SNR and the retrieved statistical error. It is much more a complex tradeoff between the vertical resolution, weighting factors and error estimates of the retrieval. Above 105 km the SNR is typically on the order of 1. Hence, in order to get sensible results in the upper mesosphere and especially in the lower thermosphere averaging over many retrieved profiles is necessary. The vertical resolution of the retrieval is maintained at about 3 km up to the altitude of 110 km.
Data Quality
[9] For this study we use the official Odin/SMR level-2 data, derived with the retrieval version 2.1 [Lossow et al., 2007] . The quality of the retrieved water vapor data has been assessed by a comparison to correlative measurements of the Fourier Transform Spectrometer (FTS) instrument aboard the Canadian ACE (Atmospheric Chemistry Experiment) satellite . This instrument performs solar occultation measurements of the atmospheric extinction in the midinfrared. The comparison with the ACE/FTS retrieval version 2.2 reveals on the global scale a dry bias of the Odin/SMR data in the entire mesosphere up to an altitude of 89 km. This is the uppermost altitude were water vapor concentrations are retrieved from the ACE/FTS measurements [Carleer et al., 2008] . The bias is typically (0.4 ± 0.2) ppmv. Above 89 km we cannot give any statement about the Odin/SMR water vapor data quality so far, owing to the lack of correlative measurements. We will return to this topic in section 4 when we compare our measurements with model results.
[10] An important issue in the upper mesosphere and lower thermosphere may be systematic errors arising from uncertainties in the radiometric calibration, since the observed water vapor concentrations at these altitudes are very low. In order to understand the size of those errors we conducted a sensitivity study for the polar regions and the maximum uncertainty of the Odin/SMR calibration scheme as estimated by Urban et al. [2005] . These estimates are a rather conservative choice, since more recent investigations indicate smaller uncertainties in the radiometric calibration [Ekström et al., 2007] . This sensitivity study revealed a maximum error of about 0.03 ppmv at altitudes above 90 km due to uncertainties in the radiometer calibration. In addition systematic errors, which may arise from an accounted but not completely understood issue in the Odin/SMR autocorrelator calibration, need to be kept in mind. This calibration issue concerns in general altitudes above 50 km and is expressed by too low intensities in the frequency channels at and close to the center of the water vapor emission line, which correspond in turn to lower retrieved water vapor concentrations. Up to an altitude of about 90 km the Odin/SMR measurements of the 557-GHz band allow besides the water vapor retrieval also the derivation of temperature information [Lossow et al., 2007] . Above climatological temperature information has to be used for the water vapor retrieval, which may also give rise to systematic errors. The Odin/SMR retrieval uses the CIRA (COSPAR International Reference Atmosphere) data set from 1986 at these altitudes [Fleming et al., 1990] . We have investigated the influence of the climatological temperature on the water vapor retrieval by increasing and decreasing the temperature by 10 K, respectively. In average the influence is less than 0.01 ppmv in the altitude range between 90 km and 110 km during all seasons. Overall, we estimate that the system ror of the derived water vapor is on the order of 10% to 20%. In the discussion of our results we will restrict ourselves to water vapor concentrations down to 0.1 ppmv, which appears to be a safe lower limit given the systematic errors of the retrieval discussed above.
Data Set and Handling
[11] For the current study we employed all data which are available since 2003, when the measurements reached up to 110 km and higher. We use only data taken with the measurement configuration ''frequency mode 19.'' This configuration is one of in total three configurations used to measure the 557-GHz band, which differ in the frequency band covered and the radiometer frontend used. The ''frequency mode 19'' configuration has been used most often and throughout the Odin/SMR aeronomy mission and is the most optimized for the measurements of the 557-GHz band. We implement only profiles which have been flagged as usable for scientific analysis by the retrieval quality control. This quality control is based on different parameters, such as the convergence and the cost function of the retrieval (chi-square statistical analysis), the LevenbergMarquardt parameter (regularization of the nonlinear retrieval) and the retrieved pointing offset. In addition we require a measurement response of at least 70% of the retrieved values, in order to minimize the influence of the a priori information needed for the OEM (Optimal Estimation Method) retrieval [Rodgers, 2000] .
[12] Furthermore we implemented only data taken poleward up to a latitude of 82.5 degrees, which is the maximum latitude covered by the Odin measurements along the orbital track. Since 2004, Odin performs measurements pointing off the orbital track during the Southern Hemisphere summer season, which extend the latitude coverage toward the pole. In the Southern Hemisphere the measurements are always extended toward the pole during this time, in the Northern Hemisphere only when permitted by Sun angle constraints. To avoid any possible interhemispheric differences as an artefact due to this different latitude coverage we have constrained the data set to its usual latitude limit of 82.5 degrees.
[13] Another important aspect to keep in mind for the interpretation of the results is the local time (LT) coverage of the Odin measurements, which is shown in Figure 1 . Owing to its Sun-synchronous orbit, Odin performs measurements in general only at two local times at a given latitude, i.e., one local time on the ascending node and a second one on the descending node. At the highest latitudes the satellite passes quickly through several local times. Owing to the decreasing altitude of the Odin orbit over the years, caused by atmospheric drag, the local time coverage has changed slightly. The black crosses show the local time coverage for 2003, while the dark grey crosses show the coverage for 2007. In the beginning of the Odin mission the equator was passed at 1800 LT on the ascending node and 0600 LT on the descending node. In 2007 the equator was passed about 45 min later. The light grey dots show an example of the local time coverage from 2007 when the Odin measurements were performed off track and extended toward the poles. In the upper mesosphere and lower thermosphere, water vapor will show a diurnal variation, which is essentially determined by atmospheric tidal waves. These global-scale waves are thermally driven by the periodic absorption of solar radiation throughout the atmosphere, primarily the absorption of infrared radiation by water and water vapor in the troposphere and ultraviolet radiation by stratospheric ozone. Also large-scale latent heat release by convective systems and nonlinear interactions between global-scale waves are important excitation sources of atmospheric tidal waves [e.g., Chapman and Lindzen, 1970; Forbes, 2002, 2003] . Given the local time coverage of the Odin satellite, tidal signatures are embedded in the measured data, which need to be considered in the interpretation of the results. Measurements of tidal variations in water vapor are very rare in general and so far not available for the altitude range of interest here. A possible solution is to account for the tidal signatures with model data, which indicate relatively small amplitudes in the polar region [e.g., Hagan et al., 1999] . However, unlike in the tropics and midlatitudes the knowledge about tides is rather limited in the polar areas [e.g., Wu et al., 2006] . First global tide measurements have been reported rather recently . With this background we hesitate to apply any tidal correction in this first presentation of water vapor measurements in the polar upper mesosphere and lower thermosphere and such correction will be part of a future study.
[14] The available profiles have first of all been interpolated onto a 1-km altitude grid. To describe the annual water vapor distribution in the polar region we implemented data in the latitude range 60°to 82.5°and averaged the data set onto a 15-day time grid. Every grid point describes a mean over 30 days, so tha single data points are not completely independent of each other in time. The statistical error of these average profiles is on the order of 15% at 100 km and up to 30% to 50% at 110 km. The highest uncertainties coincide with the lowest water vapor concentrations. For the description of the latitudinal distribution, we implemented data from December to February and June to August respectively and averaged the data set over a latitude range of 10 degrees on a 5 degree latitude grid. Hence, the single data points are not completely independent of each other in the latitude domain. The statistical error of latitudinal average profiles is on the order of 10% at 100 km and between 20% and 60% at 110 km.
Observations
[15] Figure 2 shows the mean annual water vapor distribution in the polar region (60°to 82.5°latitude) in the Northern Hemisphere (Figure 2 , top) and Southern Hemisphere (Figure 2 , bottom) using all available data since 2003. Below 90 km the annual cycle is characterized by a summertime maximum. This maximum arises owing to the gravity wave driven meridional pole-to-pole circulation, comprising upwelling over the summer pole and downwelling over the winter pole. Above 90 km the water vapor concentration exhibits a distinct seasonal increase during winter. Above 95 km the concentrations observed during summertime are actually lower than those during winter; that is, the annual maximum can be found in wintertime in this altitude range. It should also be noted that in the altitude range between 90 km and 100 km a clear semiannual variation is visible. The absolute annual minimum water vapor concentrations can be observed around the equinoxes in this altitude region.
[16] Distinct differences can be observed between the Northern and Southern Hemisphere. The water vapor increase in winter is much more pronounced in the Southern Hemisphere where clearly higher concentrations can be observed. At 100 km a water vapor concentration of slightly above 0.35 ppmv can be observed in the Southern Hemisphere, while the concentration is just above 0.1 ppmv in the Northern Hemisphere. Figure 2 might imply that the seasonal increase of water vapor during winter lasts over a longer period of time in the Southern Hemisphere. However, this appears not to be true if we also incorporate the water vapor concentrations below 0.1 ppmv, which are not resolved in Figure 2 . In the Southern Hemisphere the water vapor increase ranges typically from April to September/October, and in the Northern Hemisphere from October to March, with peak values shortly after winter solstice.
[17] Figure 3 provides an overview of the latitudinal water vapor distribution for the time periods December to February (DJF, Figure 3 , top) and June to August (JJA, Figure 3 , bottom). The seasonal increase of water vapor during wintertime is visible in a broader latitude band in the Southern Hemisphere as compared to its northern counterpart, connected to the higher water vapor concentrations observed in this hemisphere.
[18] Since local time variations due to atmospheric tidal waves are embedded in the data set, we performed in addition a comparison of the annual water vapor distributions using data from different local time periods. In the Northern Hemisphere mpared the local time period between 0600 LT and 0900 LT (descending node) with the local time period between 1600 LT and 1900 LT (ascending node). These two local time periods have been chosen since they comprise measurements in the same latitude range on the ascending and descending node, respectively (see Figure 1 ). This eliminates any local time differences based on a different latitude coverage. In the Southern Hemisphere we used the local time periods 0400 LT to 0700 LT and 1800 LT to 2100 LT, respectively. In the altitude range of interest, above 90 km, we do not observe significant differences in the annual distribution between the two local time periods used in the Northern Hemisphere. In the Southern Hemisphere during winter we observe slightly more water vapor (less than 0.1 ppmv) in the morning in the altitude range between 90 km and 105 km.
[19] We note that clear water vapor differences can be observed below 90 km in both hemispheres between the two local time periods considered. In the Northern Hemisphere we observe in general less water vapor in the local time period from 0600 LT to 0900 LT as compared to the period from 1600 LT to 1900 LT. In the Southern Hemisphere on the other hand we usually observe more water vapor in the local time period from 0400 LT to 0700 LT as compared to the period from 1800 LT to 2100 LT. The differences can be as high as a half ppmv. There is only one significant deviation from the behavior described above. In both hemispheres the situation reverses during summertime in the altitude range between 85 km and 90 km, where NLC and PMSE are formed. Here we observed more water vapor between 0600 LT and 0900 LT in the Northern Hemisphere and between 1800 LT and 2100 LT in the Southern Hemisphere. These differences can amount up to 0.7 ppmv and might be addressed in detail elsewhere.
Model Results
[20] Since our measurements are the first of their kind it is a natural step to compare them to model results, not only for validation but also to put the measurements into a larger perspective. Future model versions may also benefit from our measurements. Here we use the Hamburg Model of the Neutral and Ionized Atmosphere (HAMMONIA) and the Whole Atmosphere Community Climate Model version 3 (WACCM3). Both models are general circulation models (GCMs) with coupled chemistry. HAMMONIA ranges from the surface up to a pressure level of 1.7 Â 10 À7 hPa ($250 km) employing 67 vertical levels. WACCM3 comprises 66 vertical levels up to a pressure of 4.5 Â 10 À6 hPa ($145 km). For detailed information about HAMMONIA the reader is referred to Schmidt et al. [2006] , and for WACCM3 to Garcia et al. [2007] . The results from both models are given as monthly means. They describe diurnally averaged conditions and represent average conditions over a solar cycle. The HAMMONIA results presented here are from a time-slice experiment using greenhouse gas conditions of the 1990s. Two simulations have been averaged together. One simulation represented solar maximum conditions, while the second one was representative for solar minimum conditions. The WACCM3 data used here have been adapted to the available HAMMONIA data. The WACCM3 data are based on an average of simulations over the time period from 1990 to 2000, covering a complete solar cycle.
[21] The solar cycle has an importance for the absolute water vapor concentrations among many other things [e.g., Chandra et al., 1997; Schmidt et al., 2006] . The flux of Lyman-a radiation, which dominates the water vapor loss above 70 km (see section 1), increases typically by over 60% from the solar minimum to the solar maximum. Hence higher water vapor concentrations can be observed during the solar minimum than under solar maximum conditions. According to the HAMMONIA simulations the relative increase in the water concentration from solar maximum to solar minimum conditions amounts to about 30% right above 80 km and to approximately 60% at about 110 km in polar region during winter [see conditions, but will be weighted somewhat toward solar minimum conditions. Hence there is a likelihood that the Odin/SMR results should exhibit somewhat higher water vapor concentration as the model results, which represent solar cycle average conditions. This needs to be kept in mind for the comparison of the absolute water vapor concentrations between the Odin/SMR measurements and the model results, later in this section.
[22] Similar to Figure 2 , Figure 4 shows the mean annual water vapor distribution in the polar latitude range between 60°and 82.5°in the Northern and Southern Hemisphere as simulated by HAMMONIA and WACCM3. Both models clearly show the seasonal water vapor increase during wintertime at altitudes above 90 km to 95 km. In the WACCM3 simulations this increase ranges over a longer period of time as compared to the Odin measurements (see Figure 2 ). In the Northern Hemisphere the water vapor increase occurs from August to April/May and in the Southern Hemisphere typically from March/April to October/ November. As the Odin observations the HAMMONIA simulations exhibit the seasonal increase from October and March in the Northern Hemisphere and from April to September/October in the Southern Hemisphere. HAMMO-NIA shows higher wintertime peak water vapor concentrations in the Southern Hemisphere, both at 100 km and 110 km, with respect to its Northern Hemisphere equivalent. This is also valid for t ACCM3 results, however the differences in the peak concentrations between both hemispheres are rather small. In the altitude range between 90 km and 100 km the HAMMONIA simulations show consistent with the Odin/SMR observations a clear semiannual variation in the water vapor distribution. The maxima can be observed shortly after the solstices, and the minima closely to the equinoxes. In the WACCM3 results this behavior is however not apparent.
[23] Figure 5 gives an overview of the latitudinal distribution of water vapor during the Northern (DJF) and Southern Hemisphere winter (JJA) as described by both models, HAMMONIA and WACCM3. Figure 5 shows that the water vapor increase during winter is visible to a greater part in the polar regions, but also at midlatitudes. In the summer hemisphere and the tropics, HAMMONIA usually exhibits more water vapor than WACCM3 at altitudes above 90 km. At the equator the contour lines tend to rise in the HAMMONIA results, while they show a distinct dip in the WACCM3 results. As in the Odin/SMR observations, interhemispheric differences can be observed in the model simulations. HAMMONIA shows higher water vapor concentrations above 90 km during the winter season in the Southern Hemisphere polar region as compared to the Northern Hemisphere. In the WACCM3 results the water vapor concentrations are rather similar in the polar areas of both hemispheres, actually with slightly higher values in the Northern Hemisphere averaged over the winter season. The seasonal increase is also visible in a broader latitude range during the Northern Hemisphere winter season in the WACCM3 simulations. This is opposite to the HAMMONIA results, where the increase is visible in a broader latitude range in the Southern Hemisphere during wintertime.
[24] Figure 6 shows a comparison of the Odin measurements in the upper mesosphere and lower thermosphere with HAMMONIA and WACCM3 results. Figure 6 (left) shows the mean water vapor profiles for January in the Northern Hemisphere and Figure 6 (right) shows the mean profiles for July in the Southern Hemisphere. As before, these mean profiles comprise data in the latitude range 60°t o 82.5°. In the Northern Hemisphere in January the Odin/ SMR observations exhibit lower water vapor concentrations in the entire altitude range considered here as compared to HAMMONIA and WACCM3. Above 90 km it is usually a factor 2 -3 less water vapor. HAMMONIA shows more water vapor than WACCM3 below 95 km, higher up both models show very similar concentrations. In the Southern Hemisphere in July the water vapor concentrations observed by Odin lie between the model results almost in the entire altitude range addressed here, with HAMMONIA on the high and WACCM3 on the low side. Just at the uppermost altitudes the Odin/SMR observations show lower water vapor concentrations compared to WACCM3. Above 90 km the HAMMONIA water vapor concentrations are typically a factor of 2 higher than the WACCM3 concentrations. At 110 km the Odin/SMR exhibit a factor 2 -3 lower water vapor concentrations as the model results, similar to the observed behavior in January in the Northern Hemisphere.
Discussion and Summary
[25] Odin/SMR observations provide for the first time an overview of the annual water vapor distribution in the upper mesosphere and lower thermosphere. In the polar regions in both hemispheres the observations show a distinct seasonal increase of the water vapor concentration during wintertime at a given altitude above 90 km. While the Odin observations are influenced and modulated by tidal signatures owing to the local time coverage of the satellite, the model results show that this re also appears in diurnally averaged conditions. Several contributions may give rise to this observed increase in water vapor during the winter season above 90 km.
[26] The annual distribution of mesospheric water vapor below about 90 km is essentially determined by dynamics. The gravity wave driven meridional circulation is accompanied with upwelling of moister air from below over the summer pole and downwelling of drier air from above over the winter pole. Hence the annual water vapor maximum can be observed during the summer season. Higher up the dynamical conditions differ from the conditions in the part of the mesosphere below. This is visible in Figure 7 , which shows the annual distribution of the vertical wind in the polar region of the Northern and Southern Hemisphere, respectively, as described by HAMMONIA and WACCM3. Figure 7 shows that the vertical wind changes direction in the upper mesosphere during wintertime from downwelling inside the polar vortex to upwelling above. This is a direct result of resolved wave drag [McLandress et al., 2006; Becker, 2008] . This change typically occurs in the altitude range between 85 km and 90 km, except in the WACCM3 results for the Northern Hemisphere where the change occurs already below 80 km. The upwelling above corresponds to an upward transport of moister air from lower altitudes, which is consistent with the observed water vapor increase during winter. The model results indicate that this upwelling starts at lower altitudes in the Northern Hemisphere as compared to its southern counterpart. In the HAMMONIA results another reversal of the vertical wind direction, from upwelling to downwelling conditions, can be observed higher up. This behavior is not captured by the WACCM3 simulations. Above the strong upwelling in the polar summer mesopause region the models exhibit downwelling conditions. The change in the vertical wind direction occurs in the altitude range between 90 km and 95 km, i.e., somewhat higher up as during wintertime. The downwelling above the summer mesopause region corresponds to a transport of drier air from above, which is also consistent with the low water vapor concentrations observed during the summer season in t er thermosphere. We note also that the downwelling differs quite a lot in strength and appearance between the two model simulations.
[27] The relative dryness in the lowermost summertime thermosphere, i.e., in the altitude range from about 90 km up to about 95 km, might be in addition also still a consequence of the water vapor redistribution by ice particles in the summer mesopause region. Model simulations by von Zahn and Berger [2003] indicate a dehydration effect up to an altitude of about 94 km in the polar region. Recent measurements of the SABER (Sounding the Atmosphere using Broadband Emission Radiometry, [Russell et al., 1999] ) instrument aboard the TIMED (ThermosphereIonosphere-Mesosphere Energetics and Dynamics) satellite suggest a dehydration up to about 95 km [Siskind et al., 2008] . Atomic hydrogen, inferred from those measurements, exhibits a prominent decrease in the lowermost thermosphere during summer which is most likely associated with the reduction of its chemical source water vapor caused by the redistribution process. Note that neither the HAMMONIA nor the WACCM3 simulations presented here include any representation of the ice particles and their effects on water vapor distribution in the polar summer mesopause region.
[28] In addition to the processes discussed above a certain contribution to the observations arises from the influence of the annual variation of Lyman-a flux. As described, the photodissociation of water vapor by Lyman-a radiation is the major sink for water vapor above 70 km [Brasseur and Solomon, 1998 ]. The higher the solar zenith angle the deeper Lyman-a radiation penetrates into the mesosphere and the stronger the water vapor decreases with altitude. During polar night, no direct solar Lyman-a radiation reaches the altitude range between 90 km and 110 km. Instead this altitude region is illuminated only by the Lyman-a radiation resonantly scattered by hydrogen atoms (Lyman-a geocorona). This Lyman-a geocorona flux is almost independent of the solar position and typically a factor 30 smaller than the direct solar Lyman-a flux during sunlit conditions Mange, 1970, 1973] . This smaller Lyman-a flux as observed during the wintertime leads to a reduced photodissociation of water vapor and thus to a slower decrease of water vapor with altitude as compared to summertime, corresponding to higher water vapor concentrations during winter. The lifetime of water vapor with respect to photodissociation by Lyman-a in the altitude range between 90 km and 110 km will increase from a few days during polar summer conditions to several tens of days during polar night. The strong increase in the water vapor lifetime oc round a solar zenith angle of 90 degrees. The observations and model simulations exhibit the water vapor increase even before polar night conditions prevail, which implies that a reduced Lyman-a flux will not be a basic condition for the observation of the water vapor increase. However, the prolonged water vapor lifetime during polar night conditions helps to make the seasonal increase of water in the upper mesosphere and lower thermosphere during winter more clearly visible.
[29] The dynamical conditions in the upper mesosphere and lower thermosphere described above can explain the location of the annual water vapor maximum in winter. In the altitude range between 90 km and 100 km the Odin/ SMR observations and also the HAMMONIA simulations show a clear semiannual circulation with maxima in the winter-and summertime and minima close to the equinoxes. This observation is however inconsistent with the prevailing annual cycle of the vertical wind. Despite downwelling in the lower thermosphere over the summer pole combined with dehydration effects due to ice particles one of the annual maxima in the water vapor distribution is maintained here. We suggest that this observation is most likely connected to diffusion effects outweighing the dynamical effects. One has to distinguish between two types of diffusion, i.e., eddy (turbulent) diffusion due to breaking gravity waves and molecular diffusion. Both play a role for the water vapor distribution in the altitude range between 90 km and 110 km. Molecular diffusion becomes increasingly important above the turbopause, typically located at about 100 km, while eddy diffusion is important below this altitude. The strength of the eddy diffusion has a semiannual variation, with maxima at the solstices and minima at the equinoxes. A strong (rapid) eddy diffusion will cause higher water vapor concentrations compared to a weak (slow) eddy diffusion at a given altitude in an altitude region where water vapor decreases with altitude. This connection between eddy diffusion and the annual cycle of water vapor has often been discussed [e.g., Garcia and Solomon, 1985; Bevilacqua et al., 1990; Smith and Brasseur, 1991; Nedoluha et al., 1996] and we suggest that this causes the semiannual variation observed in the water vapor distribution in the altitude range between 90 km and 100 km. Molecular diffusion on the other hand will cause a gravitational separation of the atmospheric composition above the turbopause. This separation tends to move water vapor upward in the lower thermosphere since water vapor is still light compared to the mean air molecule mass at these altitudes. This might even sustain the seasonal water vapor increase during winter at lower thermospheric altitudes, where the HAMMONIA simulations indicate downwelling conditions.
[30] The discussion above shows that dynamics and diffusion are both essential components to explain the water vapor distribution in the altitude range between 90 km and 110 km. Still the relative importance between dynamics and diffusion processes needs to be investigated more in detail.
[31] Distinct interhemispheric differences in the wintertime water vapor distribution are visible in the Odin/SMR observations at upper mesospheric and lower thermospheric altitudes. The observed seasonal water vapor increase the winter season at altitudes above 90 km is much more pronounced in the Southern Hemisphere. In this hemisphere, higher concentrations can be observed and the increase is visible over a larger latitude range. Part of the interhemispheric differences we observe will be due to tidal modulations, since the Odin measurements cover different local times in both hemispheres. The model results, which describe diurnally averaged conditions, exhibit interhemispheric differences as well. As in the Odin/SMR observations the seasonal increase of the water vapor concentration in wintertime is much more pronounced in the Southern Hemisphere in the HAMMONIA simulations. The WACCM3 results exhibit also higher peak water vapor concentrations above 95 km during wintertime in the Southern Hemisphere, but the interhemispheric differences are evidently smaller as in the Odin and HAMMONIA results. Both interhemispheric differences in the dynamical conditions as well as in diffusion can be responsible for the interhemispheric differences observable in the polar upper mesosphere and lower thermosphere water vapor distribution during the winter season. With regard to dynamics this assumption might imply on one hand a stronger upwelling in the Southern Hemisphere polar region as compared to its northern counterpart. On the other hand also an upwelling starting at lower altitudes, resulting in an upward transport of higher water vapor concentrations, might be an explanation. These assumptions are only to a small fraction supported by the model simulations, they actually indicate much more the opposite. The upwelling in the winter season starts at lower altitudes in the Northern Hemisphere. In the altitude range between 90 km and 100 km the WACCM3 results exhibit a stronger upwelling again in the Northern Hemisphere, the upwelling is rather similar in both hemispheres in the HAMMONIA simulations. Only above 100 km the dynamical conditions would be consistent with the observed interhemispheric differences in water vapor during the winter season. The WACCM3 simulations exhibit on one hand a stronger upwelling in the Southern Hemisphere as compared to its northern equivalent in this altitude region. The HAMMONIA results on the other hand show here a weaker downwelling in the Southern Hemisphere than in the Northern Hemisphere. Both scenarios correspond to higher water vapor concentrations in the Southern Hemisphere than in the Northern Hemisphere above 100 km in wintertime. This discussion of the dynamical interhemispheric differences would suggest that the interhemispheric differences observed in the wintertime water vapor distribution in the upper mesosphere and lower thermosphere are dominated by differences in the diffusion between the two hemispheres. This implies a more rapid diffusion in the Southern Hemisphere as compared to the Northern Hemisphere. Nevertheless, it is obvious that the anticipated interhemispheric differences need a more thorough study.
[32] A rather small fraction of the interhemispheric differences in the wintertime water vapor distribution may also be explained by differences in the Lyman-a geocorona due the fact that the Sun is closer to the Earth in January than in July. This should lead to a higher Lyman-a geocorona flux during the Northern Hemisphere winter than in the Southern Hemisphere winter in the upper mesosphere and lower thermosphere, corresponding to more water vapor destruction in the Northern Hemisphere. Note that the Lyman-a geocorona flux however is not implemented in the model simulations, emphasizing once more that the interhemispheric differences in the Lyman-a geocorona flux are only of minor importance.
[33] Finally we want to note that the Odin/SMR water vapor measurements always exhibit lower concentrations as the HAMMONIA simulation in the upper mesosphere and lower thermosphere region. This also the case when comparing the measurements to the WACCM3 results in the polar area of the Northern Hemisphere in January. At the uppermost altitude addressed here, i.e., 110 km, the model results show a factor of 2-3 higher water vapor concentrations as the Odin/SMR measurements. This could be a hint of the same dry bias in the Odin/SMR water vapor data as observed in the comparison with ACE/FTS measurements below 90 km. Since the solar cycle maximum is not covered by the implemented satellite data here there is a likelihood that the Odin/SMR results should exhibit somewhat higher water vapor concentrations as the model results, which represent solar cycle average conditions (see section 4). Taking this aspect into account will increase the anticipated dry bias of the Odin/SMR measurements further. Moreover we have not accounted for any tidal effects in this comparison; however, the tidal effects are expected to be small [e.g., Hagan et al., 1999] and should not change the comparison results too much. Nonetheless, it is clear that the differences between the measurements and model simulations cannot be explained by possible systematic errors of the Odin/SMR results alone, which were estimated to be on the order of 10% to 20%. On the other hand also the HAMMONIA and WACCM3 simulations exhibit obvious differences among each other. For example the increase in water vapor in the upper mesosphere and lower thermosphere is visible over a longer period of time in the WACCM3 simulations. In July in the polar area of the Southern Hemisphere the HAMMONIA simulations show water vapor concentrations typically twice as high the one from WACCM3. A similar situation is visible outside the polar winter region above 90 km. Differences between the two model can also be found in the annual distribution of the vertical wind in the polar region.
